In this work, we investigate the temporal evolution of ground deformation affecting the ocean-reclaimed lands of the Shanghai (China) megacity, from 2007 to 2016, by applying the Differential Synthetic Aperture Radar Interferometry (DInSAR) technique known as the Small BAseline Subset (SBAS) algorithm. For the analysis, we exploited two sets of non-time-overlapped synthetic aperture radar (SAR) data, acquired from 2007 to 2010, by the ASAR/ENVISAT (C-band) instrument, and from 2014 to 2016 by the X-band COSMO-SkyMed (CSK) sensors. The long time gap (of about three years) existing between the available C-and X-band datasets made the generation of unique displacement time-series more difficult. Nonetheless, this problem was successfully solved by benefiting from knowledge of time-dependent geotechnical models, which describe the temporal evolution of the expected deformation affecting Shanghai's ocean-reclaimed platforms. The combined ENVISAT/CSK (vertical) deformation time-series were analyzed to gain insight into the future evolution of displacement signals within the investigated area. As an outcome, we find that ocean-reclaimed lands in Shanghai experienced, between 2007 and 2016, average cumulative (vertical) displacements extending down to 25 centimeters.
Introduction
A feasible measure for resolving issues of land scarcity in highly populated coastal area cities or lowland countries is to reclaim land from the sea. For instance, The Netherlands has been reclaiming land since the sixteenth century, and, nowadays, one-third of their territory lies at heights lower than the mean sea level [1] . The Changi Airport in Singapore, the Honk Hong International Airport in China, the Kansai Airport in Japan, and the New Doha International Airport in Qatar, are all examples of public infrastructure built on reclaimed, or partially reclaimed, lands [2] [3] [4] [5] [6] [7] . Reclaimed platforms can, however, be seriously affected by settlements, which may cause severe damage to buildings, highways, Over the past few years, the coastal area of Lingang New City, which extends for about 300 km 2 (45% of which was reclaimed from intertidal wetlands), has been subjected to broad modifications in its geomorphology and urban environment. Due to land reclamation, two main inherent problems have arisen: (i) liquefaction; and (ii) ground settlements, both of which are responsible for serious failures and damage to infrastructures of reclaimed foundations [12] [13] [14] . Results of geotechnical analyses have revealed that such a settlement usually continues over the entire reclamation facility lifetime. Temporal evolution of settlements can be distinguished in a primary consolidation phase of alluvial deposits, in a long-term creep (secondary compression stage) of the alluvial deposits beneath the reclamation, and, finally, in a creep within the reclamation fill [14] . These settlements may occur during and after foundation construction, and, when not correctly predicted, can cause delays and a considerable increase in costs of the whole reclamation project. Ground settlement of reclaimed coastal areas in Shanghai, which is caused by over-pumping groundwater and consolidation of dredger fills and alluvial deposits, have already been observed and reported in the literature [15] [16] [17] [18] [19] [20] . In particular, field measurements indicate that ground settlement of the reclaimed foundations occurred during the construction of Lingang New City in Shanghai. Average cumulative (vertical) deformation values, ranging between 25 and 75 mm, in the six-year period from 2001 to 2006, corresponding to average annual rates ranging between 5 and 15 mm/year, have been measured [16] . Laboratory tests, based on the principles of the consolidation theory [21] , were performed, taking into account dredger fill type (alluvial deposits thickness, soil composition, and water content) and other engineering parameters, which also predict that such a residual settlement will continue over future years, but with decreasing annual rates.
Within this framework, the well-established remote sensing technique, known as Differential Synthetic Aperture Radar (SAR) Interferometry (DInSAR) [22] [23] [24] [25] , can play a strategic role in the Over the past few years, the coastal area of Lingang New City, which extends for about 300 km 2 (45% of which was reclaimed from intertidal wetlands), has been subjected to broad modifications in its geomorphology and urban environment. Due to land reclamation, two main inherent problems have arisen: (i) liquefaction; and (ii) ground settlements, both of which are responsible for serious failures and damage to infrastructures of reclaimed foundations [12] [13] [14] . Results of geotechnical analyses have revealed that such a settlement usually continues over the entire reclamation facility lifetime. Temporal evolution of settlements can be distinguished in a primary consolidation phase of alluvial deposits, in a long-term creep (secondary compression stage) of the alluvial deposits beneath the reclamation, and, finally, in a creep within the reclamation fill [14] . These settlements may occur during and after foundation construction, and, when not correctly predicted, can cause delays and a considerable increase in costs of the whole reclamation project. Ground settlement of reclaimed coastal areas in Shanghai, which is caused by over-pumping groundwater and consolidation of dredger fills and alluvial deposits, have already been observed and reported in the literature [15] [16] [17] [18] [19] [20] . In particular, field measurements indicate that ground settlement of the reclaimed foundations occurred during the construction of Lingang New City in Shanghai. Average cumulative (vertical) deformation values, ranging between 25 and 75 mm, in the six-year period from 2001 to 2006, corresponding to average annual rates ranging between 5 and 15 mm/year, have been measured [16] . Laboratory tests, based on the principles of the consolidation theory [21] , were performed, taking into account dredger fill type (alluvial deposits thickness, soil composition, and water content) and other engineering parameters, which also predict that such a residual settlement will continue over future years, but with decreasing annual rates.
Within this framework, the well-established remote sensing technique, known as Differential Synthetic Aperture Radar (SAR) Interferometry (DInSAR) [22] [23] [24] [25] , can play a strategic role in the detection and monitoring of ongoing surface deformation signals at a large spatial scale. Over the past fifteen years, several DInSAR techniques aimed at investigating the time evolution of ground displacements have been proposed [26] [27] [28] [29] [30] [31] . Two families of DInSAR methods broadly exist today, Persistent Scatterers (PS) [26, 27] and Small Baseline (SB) techniques [28] [29] [30] . A well-known approach belonging to the class of SB techniques is the Small BAseline Subset (SBAS) [28] algorithm. It relies on the least-squares (LS) inversion of a suitably selected sequence of small baseline (SB) interferograms through the singular value decomposition (SVD) method [32] . Over recent years, DInSAR techniques have been widely applied to monitor deformation phenomena caused by several natural and anthropogenic hazards, including landslides [33, 34] , ground failures due to tunneling excavations [35, 36] , and terrain consolidation and land-subsidence of river deltas [37] [38] [39] .
In this work, we investigate the deformation phenomena that affect the coastal area of the Shanghai megacity. Our study is based on the application of the SBAS-DInSAR technique to two sets of SAR images, collected by the C-band ASAR/ENVISAT sensor, and by the X-band COSMO-SkyMed (CSK) SAR constellation sensors. The processed SAR data span the entire time interval between 26 February 2007 and 18 March 2016. Due to the lack of a systematic acquisition plan of SAR data over the investigated area, there is a significant temporal gap (of about three years) between the available ASAR/ENVISAT and CSK data frames. As a matter of fact, over the past few years, satellite radar platforms have not regularly imaged the southeastern sector of the Shanghai coastal area. As a consequence, present-day archives of SAR images are characterized by a reduced number of scenes with compatible acquisition geometries, and most of them only cover spotted areas of the entire Shanghai district. In addition, a few time gaps, among the different currently-available SAR datasets, are present. To overcome these fundamental limitations, and in order to retrieve a unique displacement time-series (from 2007 to 2016) through combination of available CSK and ASAR/ENVISAT datasets, we developed and applied a proper methodology. The adopted multi-platform combination technique relies on the underlying assumption that, over areas under reclamation, the observed deformations are mostly vertical; moreover, it exploits the knowledge of proper time-dependent geotechnical models [15, 19, [40] [41] [42] [43] . The achieved results are in general agreement with previous studies [43, 44] , which reported that Lingang New City was characterized, from 2007 to 2010, by annual subsidence rates ranging between 12 and 18 mm/year. They also show that higher deformation rates are measured in regions that are more proximal to the southeastern coast, in correspondence with the reclamation project that was started later.
Therefore, the exploitation of multiple sets of SAR acquisitions, collected in distinct frequency bands, turns out to be helpful for the retrieval of displacement time-series over the entire 2007-2016 time frame, thus allowing us to gain up-to-date insight into the future evolution of the settlement of the ocean-reclaimed platforms.
Study Area
The megacity of Shanghai is located at the midpoint of the north-south coastline of China, on the alluvial plain of the Yangtze River Delta. Shanghai is bounded to the north by the Yangtze River estuary, to the east by the East China Sea, and to the south by Hangzhou Bay. The deposits, in most of the city, are soft sediments that were formed during the Quaternary Era [45] . The buried depth of bedrock ranges between 200 and 300 m. The land area of Shanghai covers about 6000 km 2 and is mostly flat, with altitudes ranging between 2 and 6 m above sea level. The city is crossed by the Yangtze River, which is the longest river in Asia, and it is also ranked 4th globally in terms of sediment loads (470 Mt/year) [45] .
A significant amount of riverine sediment supply, and the high total riverine sediment discharge rate, in the Yangtze River have made it possible for Shanghai to reclaim land along its eastern coastal areas. As a matter of fact, Shanghai has continuously reclaimed coastal intertidal and wetland areas since the 1950s, in order to build new cities, ports, resorts, and industrial zones. New dikes have been constructed to trap sediment from the Yangtze River and the coast, in order to make new lands, as evidenced in recent Landsat 8 images (see Figure 1 ). For ocean-land reclamation, dredging and hydraulic filling methods have been used. Dredger fill, which is a kind of unconsolidated soil with a high water content, large void ratio, and high compressibility, is blown-filled with sludge and dredged out from the coastal seabed [46] . In particular, the reclamation procedure of Lingang New City (see Figure 1 ) started in 1994, and was almost completed in 2006 [47] . According to the engineering geology characteristics of the area, hydraulic fill soils are composed of two types of alluvial deposits. Dredger fill types, as well as other engineering parameters of the reclamation project, can be found in [48] .
Data and Methods

SAR Data
Two independent sets of stripmap SAR images, acquired from different frequency bands, were selected to carry out a comprehensive analysis of the deformation phenomena occurring over the area of Lingang New City (Shanghai). The first dataset is composed of 35 SAR images, collected by the C-band ASAR/ENVISAT sensor [49] , from 26 February 2007 to 13 September 2010 (ascending passes, VV polarization, Track 497, Frame 616, swath IS2, with a sensor side-looking and a satellite heading angle of about 23 • and 12 • , respectively). The second dataset consists of 61 SAR scenes acquired by the SAR sensors of the X-band COSMO-SkyMed (CSK) satellites constellation [50] , from 7 December 2013 to 18 March 2016 (descending passes, HH polarization, with a side-looking angle of about 29 • and a satellite heading angle of about 8 • ). As is evident, the two available SAR datasets are not time-overlapping, and there is a long temporal gap (of about three years) between the two relevant groups of images. The distribution of the available SAR images in the temporal/perpendicular baseline plane is also pictorially depicted in Figure 2 ; the full list of the used SAR data is included in the Supplemental Material. unconsolidated soil with a high water content, large void ratio, and high compressibility, is blown-filled with sludge and dredged out from the coastal seabed [46] . In particular, the reclamation procedure of Lingang New City (see Figure 1 ) started in 1994, and was almost completed in 2006 [47] . According to the engineering geology characteristics of the area, hydraulic fill soils are composed of two types of alluvial deposits. Dredger fill types, as well as other engineering parameters of the reclamation project, can be found in [48] .
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SAR Data
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The SBAS-DInSAR Technique
Here, we briefly describe the rationale of the SBAS technique. Let us suppose that we have a set of Q co-registered SAR images, acquired at ordered times t 1 , t 2 , . . . , t Q . Starting from the available data, the SBAS algorithm relies on the proper selection of SAR acquisitions data pairs, characterized by a short temporal (i.e., the time interval between two acquisitions) and spatial (i.e., the distance between two satellite orbits) baseline. The key objective of this data selection is to mitigate the noise (decorrelation) effects [51] that corrupt the interferograms, thus, maximizing the number of temporally coherent SAR pixels (see [52] for the definition of temporal coherence). This baseline selection may imply that SAR data pairs, used to produce differential interferograms, could be arranged in a few SB subsets, which are separated by large baselines. Displacement time-series are then retrieved by solving a least-squares minimization problem, based on the application of the singular value decomposition (SVD) method, to the sequence of unwrapped interferograms. The residual topographic artifacts, as well as the atmospheric phase screen (APS) signals, are also estimated and filtered out. Additional details on the SBAS algorithm, and the SBAS processing chain, can be found in [53, 54] .
Vertical Deformation Time-Series Retrieval
After SBAS processing, the LOS displacement time-series are geocoded to a common spatial grid of high-coherent points. For our analysis, let
LOS deformation time-series, which is computed in correspondence with the generic pixel P. Note that the LOS displacement time-series are only known relative to one reference acquisition time, which corresponds to the first SAR acquisition of the available dataset. Accordingly, following [28] , we assume d 1 (P) = 0. Moreover, we also note that the presented method implies a pixel-by-pixel temporal analysis; accordingly, from now on, the dependence of the deformation time-series on pixel P will be not directly mentioned.
LOS deformation values can be expressed as [55] [56] [57] :
where e = e 1 , e 2 , . . . , e Q , n = n 1 , n 2 , . . . , n Q , and h = h 1 , h 2 , . . . , h Q are the 3D cumulative deformation components in the east-west, north-south, and vertical directions, respectively. Moreover, ϑ is the radar side-looking angle, and ϕ is the corresponding satellite-heading angle. Note that SAR satellite orbits are near polar, circular, and sun-synchronous; accordingly, the sensitivity of the SAR measurements to north-south deformation components (see Equation (1)) is rather limited (i.e., |sinϕ| 1). Furthermore, if we assume the negligibility of the east-west deformation components, with respect to the vertical ones, the time-series of the vertical deformation components can be derived from the LOS measurements (see Equation (1)) as [19] :
where h 1 ≡ 0, since the first image of the considered SAR dataset is assumed to be the temporal reference [28] .
Vertical Deformation Time-Series Combination
The adopted combination scheme is now described. To this end, let us suppose that we have two sets of non-time-overlapped SAR data. The two datasets are composed of Q 1 and Q 2 SAR images, acquired at ordered times T 1 = T 1,1 , T 1,2 , . . . , T 1,Q 1 and T 2 = T 2,1 , T 2,2 , . . . , T 2,Q 2 , respectively, and
Vertical deformation time-series relevant to homologous highly coherent pixels of the two datasets, namely h 1 = h 1,1 , h 1,2 , . . . , h 1,Q 1 and h 2 = h 2,1 , h 2,2 , . . . , h 2,Q 1 (where, taking into account Equation (2), we have h 1,1 ≡ 0 and h 2,1 ≡ 0) are, thus, combined to obtain a unique displacement time-series, namely H = H 1 , H 2 , . . . , H Q 1 +Q 2 , which spans the overall set of Q 1 + Q 2 available SAR acquisition times. All the combined time-series also refer to one global reference time acquisition, which is selected as the time when the oldest SAR image was acquired, namely at time T 1,1 . Accordingly, taking into account that the two sets are not overlapped in time, the combined (unique) vertical deformation time-series vector, H, relevant to the highly coherent pixels, common to both SAR datasets, can be written as:
whereĥ is the (unknown) vertical deformation at the first time epoch of the second SAR dataset, estimated with respect to the global reference time. Note that the time gap between the SAR datasets makes the use of SVD, as is done in the original SBAS algorithm [28] , completely unreliable. To face this problem, we have developed a methodology, which is detailed in what follows. The fundamental idea is to exploit the knowledge of an external model of the deformation, namely, m = m (T, α 1 , α 2 , . . . , α k ), which analytically describes how the deformation is expected to evolve over the entire time, T = [T 1 , T 2 ]. The model also depends on the α i , i = 1, . . . , K parameters. The best-fit model parameters, as well as the unknownĥ term, are, thus, jointly estimated by solving the following nonlinear optimization problem:
where the symbol || · || 2 represents the two-norm of a vector. We note that the developed algorithm is revealed to be particularly appropriate in the presence of non-linear deformation signals, when other external sources of information of ground displacements are not available, or when the spatial sampling of the measurement points (for instance, derived from Global Positioning System (GPS)/leveling campaigns) is not adequate for linking SAR data. Technical and implementation details of the proposed combination method are detailed in the following section.
Experimental Results
In this section, we present the results of the vertical deformation time-series combination, achieved by applying the methodology discussed in Section 3 to two time-gapped C-band ASAR-ENVISAT and X-band CSK SAR datasets.
SBAS-DInSAR Analysis
We applied the SBAS-DInSAR technique, discussed in Section 3.2, to the available C-and X-band SAR datasets. In particular, we selected SAR data pairs with a perpendicular baseline <800 m and a temporal baseline <400 days; accordingly, we generated M 1 = 91 and M 2 = 155 interferograms from the ASAR/ENVISAT and the CSK datasets, respectively. For the sake of convenience, the selected SAR data pairs are also represented in the temporal/perpendicular baseline plane of Figure 2a ,b, through connecting segments between the SAR data acquisition points. The interferograms were generated by computing the phase difference between the co-registered SAR images pairs [58] , and by subtracting the relevant topographic phase contributions, as synthesized using the Shuttle Radar Topography Mission (SRTM) DEM (with a spatial sampling of 90 m × 90 m) of the area [59] . To mitigate the effects of the decorrelation noise, we also independently carried out (on each single interferogram) a complex multilook operation [60] (with 30 looks in the azimuth and range directions for the CSK case, and with 20 looks in the azimuth, and 4 looks in the range direction for the ASAR/ENVISAT case, thus resulting, for both SAR datasets, in a radar pixel dimension of about 90 × 90 m). To each interferogram, a noise-filtering operation [61, 62] was also applied. A selection of four interferograms, characterized by different values of the spatial and temporal baselines, is shown in Figure 3 . It is
worth noting that the temporal decorrelation noise artifacts corrupt the interferograms as the temporal baseline increases, and this effect is more evident in coastal areas. The generated interferograms were unwrapped using the Extended Minimum Cost Flow (EMCF) algorithm [52] . It is worth noting that phase unwrapping (phU) operations were only involved in the sparse group of coherent pixels common to all the generated interferograms; accordingly, the incoherent areas and the sea have automatically been masked out. Moreover, unwrapped phase signals were calibrated to one selected ground reference point (typically a high coherent pixel), which has been assumed to be motionless [28, 63, 64] . As is evident, the southeastern sector of the Shanghai megacity looks to be affected more by temporal decorrelation noise artifacts than the highly urbanized city center. This finding is, however, somewhat expected, as coastal areas have changed significantly over time, due to active reclamation processes; in addition, temporal decorrelation is more severe in the X-band than in the C-band [35] . Nevertheless, this does not represent a serious drawback, since DInSAR allows the identification of reliable groups of targets that preserve their coherence [28] . SBAS-DInSAR processing has been exclusively performed on such sparse grids of coherent pixels. Figure 3 . It is worth noting that the temporal decorrelation noise artifacts corrupt the interferograms as the temporal baseline increases, and this effect is more evident in coastal areas. The generated interferograms were unwrapped using the Extended Minimum Cost Flow (EMCF) algorithm [52] . It is worth noting that phase unwrapping (phU) operations were only involved in the sparse group of coherent pixels common to all the generated interferograms; accordingly, the incoherent areas and the sea have automatically been masked out. Moreover, unwrapped phase signals were calibrated to one selected ground reference point (typically a high coherent pixel), which has been assumed to be motionless [28, 63, 64] . As is evident, the southeastern sector of the Shanghai megacity looks to be affected more by temporal decorrelation noise artifacts than the highly urbanized city center. This finding is, however, somewhat expected, as coastal areas have changed significantly over time, due to active reclamation processes; in addition, temporal decorrelation is more severe in the X-band than in the C-band [35] . Nevertheless, this does not represent a serious drawback, since DInSAR allows the identification of reliable groups of targets that preserve their coherence [28] . SBAS-DInSAR processing has been exclusively performed on such sparse grids of coherent pixels. SBAS-DInSAR processing allowed the generation, for both of the two SAR datasets, of a map of the average LOS deformation velocity of the Shanghai area district and, for each coherent pixel, of the corresponding LOS displacement time-series. Maps showing the rates and spatial patterns of surface deformation, observed by both the ASAR/ENVISAT and CSK satellite orbits, are shown in Figure 4a ,b, respectively. Displacement maps have been geocoded and superimposed on an amplitude SAR image of the investigated area, and are shown on the grid of coherent pixels that are common to both ASAR/ENVISAT and CSK SAR datasets. Displacements are measured along the satellite LOS: negative velocity values (yellow to red color) represent movements away from the satellite, whereas the blue-green colored pixels are representative of positive velocities. To ensure reliable results, we selected and displayed only coherent SAR pixels, namely, those characterized by a temporal coherence [52] greater than 0.65, and we discarded the low-coherent pixels from the following analyses. We note that temporal coherence [52] is a quality factor of the achieved SBAS-DInSAR LOS deformation time-series, which depends on the noise corrupting interferograms and the phase unwrapping errors that occur during the SBAS processing. SBAS-DInSAR processing allowed the generation, for both of the two SAR datasets, of a map of the average LOS deformation velocity of the Shanghai area district and, for each coherent pixel, of the corresponding LOS displacement time-series. Maps showing the rates and spatial patterns of surface deformation, observed by both the ASAR/ENVISAT and CSK satellite orbits, are shown in Figure 4a ,b, respectively. Displacement maps have been geocoded and superimposed on an amplitude SAR image of the investigated area, and are shown on the grid of coherent pixels that are common to both ASAR/ENVISAT and CSK SAR datasets. Displacements are measured along the satellite LOS: negative velocity values (yellow to red color) represent movements away from the satellite, whereas the blue-green colored pixels are representative of positive velocities. To ensure reliable results, we selected and displayed only coherent SAR pixels, namely, those characterized by a temporal coherence [52] greater than 0.65, and we discarded the low-coherent pixels from the following analyses. We note that temporal coherence [52] is a quality factor of the achieved SBAS-DInSAR LOS deformation time-series, which depends on the noise corrupting interferograms and the phase unwrapping errors that occur during the SBAS processing. 
Combined C-/X-Band Vertical Deformation Time-Series
After the SBAS processing of the two independent ASAR-ENVISAT and CSK datasets, the C-/X-band combination technique, described in Section 3.3, was applied to the two (geocoded) vertical displacement time-series.
For our analyses, we specifically focused on the ocean-reclaimed platforms of Lingang New City (Shanghai), for which a time-dependent geotechnical model of the on-going deformation is available in the literature [40] .
More specifically, the adopted time-dependent model, m, is provided in [40] :
where T represents the vector of the ordered times of all the available SAR acquisitions. Note that, in Equation (5), S represents the asymptotic value of vertical deformation (theoretically assumed at time infinite), k and λ are two parameters that control the shape of a given curve among the family of all possible curves, and δ is a time-delay, which takes into account the uncertainty of the knowledge of the exact time when reclamation processes ceased, and the self-weight soil consolidation phase started [6] . The model of Equation (5) is recovered from laboratory tests that simulate, at a reduced scale, real scenarios and the kinematic parameters that can be related to dredger-fill soil characteristics (i.e., thickness, water content, void ratio). For additional information, see also [14, 42, 46] . The combined C-/X-band deformation time-series, spanning the entire time interval covered by the available SAR datasets (from February 2007 to March 2016), were finally retrieved by solving the nonlinear optimization problem in Equation (4) using Equation (5). The problem was efficiently solved through the (iterative) Levenberg-Marquadt least squares (LS) minimization technique [65, 66] , as provided in the implementation of the MPFIT module, which is available in several programming languages. In particular, for our experiments, we used the code implemented in the MPFIT module, available in the Interactive Data Language (IDL) language environment [67] . As a result, we obtained the combined (vertical) displacement time-series for all the coherent pixels common to both C-and X-band SAR datasets. Figure 5a shows a zoomed view of the map, reporting the mean displacement rate of the vertical deformation in the Lingang New City area, as retrieved by combining ASAR/ENVISAT and CSK data. The plots of the ENVISAT/CSK combined (vertical) deformation time-series, calculated in correspondence with the four pixels, labeled as P 1 , P 2 , P 3 , and P 4 , are also shown. Combined time-series are plotted in black (ASAR/ENVISAT) and red (CSK) triangles, whereas the corresponding best-fit models are plotted by continuous black lines.
Discussion
In this section, we discuss the combined SBAS-DInSAR results, taking into account the characteristics of the deformation signals retrieved from the ocean-reclaimed platforms of Shanghai.
First, we focus on the detected deformation signals, and we discuss the assumption of negligibility of the east-west component of the surface displacements with respect to the vertical (subsidence/uplift) one. We note that such an assumption is valid in ocean-reclaimed platforms, but it is not true of the overall Shanghai megacity area. Indeed, the southwestern sector of the Shanghai area has recently been claimed to be crossed by a geological fault, the so-called Dachang-Zhoupu fault (see black line in Figure 1 ). The fault is responsible for appreciable east-west deformation movements in that sector of the city (with a magnitude, however, less than 1 cm/year, with respect to a reference point located in correspondence with the GPS station labeled as SHAO in Figure 1 ). Such displacements were measured in the 2002-2005 period, through a network of 17 GPS stations (see [68] for the locations of the GPS stations, and their relative movements), and were related to the neotectonic activity of an existing geological fault [68, 69] . Nevertheless, there is no direct evidence that these east-west deformations also extend to the reclaimed areas, located southeast of Shanghai, where it is known that the deformations are dominated by soil compaction mechanisms, which are primarily responsible for vertical movements. For this reason, the additional contributions to settlement, due to fault mechanisms, have been assumed to be negligible in our study.
We note that, despite the fact that ASAR/ENVISAT and CSK data have been acquired through ascending and descending passes, they cannot be combined to extrapolate the east-west and vertical (up-down) components of deformations, as they do not span the same period of observation. Furthermore, it is worth highlighting that, for Lingang New City, the deformation is mostly non-linear in time, thus, the simple option to extrapolate a linear rate from ASAR/ENVISAT time series, and to use that value for linking ASAR/ENVISAT and CSK vertical deformation time-series, appears to be unreliable. With respect to the used model in Equation (5), we note that it is derived from laboratory tests aimed at assessing, for instance, the stability and capacity of building foundations. Its fundamental principle is to recreate the conditions that would exist in a full-scale construction by using a model on a reduced scale. Centrifuge model testing provides researchers with simulated data that can improve the understanding of the underlying mechanisms of deformation, allowing the retrieval of experimental data for the verification of numerical models. Of particular interest, due to the peculiar alluvial soil characteristics of Shanghai, is the settlement model found in [40] , which permits to analyze ground settlements caused primarily by self-weight consolidation mechanisms. The simplified model in [40] can be derived from the general model described in [46] , and those presented in [14] , which relate kinematic parameters to soil physical characteristics.
At this stage, we discuss the achieved results, by specifically focusing on the ocean-reclaimed area of Lingang New City. As mentioned earlier, the multi-platform time-series combination was performed by searching for the model parameters, as well as the (unknown) bias between the ASAR/ENVISAT and the CSK time-series that best fit the data. Subsequently, we also checked the quality of the nonlinear curve fitting, by calculating the root mean square error (RMSE) of the difference between the (reconstructed) DInSAR-based (vertical) deformation time-series and the obtained best-fit model. The map of the RMSE values is shown in Figure 5b . Looking at Figure 5b , it is evident that the obtained RMSE is, on average, on the order of a few millimeters. Table 1 also reports the average RMSE values calculated over the areas of Lingang New City in its western (WS) and eastern (ES) sectors, respectively, as retrieved from the combined ASAR/ENVISAT and CSK (vertical) deformation time-series. In addition, we repeated the RMSE calculation by separately considering the fitting of the obtained models and the ASAR/ENVISAT and CSK time-series. The achieved results are also summarized in Table 1 . We note that the best-fit models retrieved as the result of the combination of C/X-band displacement time-series are in general agreement with the forecast models studied in our previous investigation [19] , which were exclusively based on the use of ASAR/ENVISAT data. Moreover, it is worth noting that the new CSK deformation time-series distinctly show that the rate of deformation in ocean-reclaimed platforms has been progressively decreasing over the most recent six years, which is in general accordance with the time-dependency of the models in Equation (5). This is also confirmed by the temporal shape of the individual ASAR/ENVISAT and the CSK time-series, as well as by the plots of the combined (vertical) deformation time-series. In particular, Figure 5 shows the deformation time-series relevant to the four selected pixels, labeled as P 1 , P 2 , P 3 , and P 4 . Table 2 lists the best-fit model parameters retrieved for these four selected points. We note that these pixels have been selected among the ones characterized by the smallest RMSE values (which are indicated for all the four pixels in the plots of Figure 5 ) as being representative of the (average) present-state of residual settlements in the different zones of Lingang New City. As shown in previous investigations, it is clear that the eastern part of the city is still (in 2016) affected by appreciable deformations. Conversely, the western sector of the city is, at present, ten years after the end of the reclamation processes [19] , almost stable. One of the outcomes of our previous investigation was the recovery of some preliminary predictions of the cumulative displacements in the ocean-reclaimed platforms of Shanghai by the end of 2015, 2020, and 2025 (see Figure 8 of [19] ), calculated by considering the end of reclamation procedures as the starting time for the soil consolidation phase. Finally, we also estimated the deviation between the (average) measured and modeled deformation rates for both the ES and WS of the city in the 2007-2010 and 2014-2016 observation periods, respectively. The achieved results are summarized in Table 3 . In the analysis, there is a perfect agreement between the measured and the modeled deformation (subsidence) rates in the 2007-2010 period. Conversely, in the 2014-2016 period, the agreement is perfect in the WS, whereas there is an average difference of about 3 mm/year in the ES. This finding is not surprising, being that the soil consolidation stages in the ES of the city have not yet concluded. One goal of the present analysis is to confirm/corroborate our previous results, taking into account the shape of the (vertical) deformation time-series in recent years (2013) (2014) (2015) (2016) , as captured by the CSK constellation sensors. As a matter of fact, the comparison between the predicted cumulative displacement maps related to 2015 and the one obtained in March 2016 (see Figure 6) shows that the newly acquired CSK data chiefly confirm the validity of previous best-fit models (see Figure 8 of [19] for a direct comparison). The deviation of the measured deformations from best-fit models, as retrieved using only ASAR/ENVISAT data (covering the period from 2007 to 2010), and the ones recovered using the combined ASAR/ENVISAT and CSK data, is minimal, as testified by the average RMSE values listed in Table 4 . The differences between the newly derived model and the old models are more appreciable in the eastern sector of the city than those in the western sector. This is due to the different types of soils used and the various stages of soil consolidation that the two areas experience. by the CSK constellation sensors. As a matter of fact, the comparison between the predicted cumulative displacement maps related to 2015 and the one obtained in March 2016 (see Figure 6 ) shows that the newly acquired CSK data chiefly confirm the validity of previous best-fit models (see Figure 8 of [19] for a direct comparison). The deviation of the measured deformations from best-fit models, as retrieved using only ASAR/ENVISAT data (covering the period from 2007 to 2010), and the ones recovered using the combined ASAR/ENVISAT and CSK data, is minimal, as testified by the average RMSE values listed in Table 4 . The differences between the newly derived model and the old models are more appreciable in the eastern sector of the city than those in the western sector. This is due to the different types of soils used and the various stages of soil consolidation that the two areas experience. 
Conclusions
An up-to-date investigation of the residual deformations of ocean-reclaimed platforms over the coastal area of the Shanghai megacity, as recovered by appropriately combining DInSAR-driven time-series of deformation, obtained from the different (C-and X-) frequency bands, is provided in this work. In particular, we processed ASAR/ENVISAT (C-band) and CSK (X-band) radar images, acquired from 2007 to 2016. The achieved DInSAR deformation time-series were then jointly integrated by making use of the time-dependent geotechnical model, derived from laboratory centrifuge tests, regarding the deformations occurring in the area under investigation. In particular, in this work, we used such models to further extend some previous analyses [19] . As a result, we show that there is a good agreement between the combined-C/X-band DInSAR (vertical) time-series, and what is theoretically expected from the model. The newly-processed CSK time-series show that the deformation rate in ocean-reclaimed platforms has generally been reducing over time, in both the western and eastern sectors. In particular, the areas that were firstly reclaimed in the WS are today (almost ten years after the end of reclamation procedures) rather stable (i.e., the deformation rate is approaching zero). On the other hand, the ES zone, where the reclamation processes started later, is still affected by significant deformation signals, with deformation rates on the order of 15 mm/year.
The method we used to link time-gapped displacement time-series relies on the knowledge of a model for the expected deformation, and the hypothesis that deformation over reclaimed platforms is mostly vertical. The latter assumption is reasonable, as the soil consolidation stages, as well as the mechanisms induced by the weight of the buildings, which have been built in the new city, are, at most, responsible for vertical movements of the terrain. Nevertheless, the lack of sufficiently large archives of time-overlapped ascending/descending SAR images over Lingang New City (with respect to the reclaimed areas) makes the measurement of the east-west deformation rates directly from SAR data unreliable, as shown, for instance, by using the methods in [55, [70] [71] [72] [73] [74] [75] . Moreover, such a strategy can be extended to other cases where deformation components in east-west directions cannot be considered negligible. This can be done by effectively combining the strategies adopted here, and the combination methods discussed in [55, [70] [71] [72] [73] [74] [75] , which exploit SAR data acquired by multiple sensors and different orbital positions (e.g., from ascending and descending passages). In addition, the adopted combination scheme can be further generalized to the point where more than two time-gapped sequences of SAR images are available.
To extend, and fully validate, our prediction models, we count on gaining access, in the near future, to data gathered by a network of GPS that are currently being deployed in Lingang New City, and to make use of the archives of newly-acquired SAR data collected by the European Sentinel-1A/-1B C-band SAR sensors of the Copernicus program [76] . In fact, at the time of this investigation, Sentinel-1 archives relevant to the area under investigation were not sufficiently populated (less than 20 scenes) to allow the generation of reliable and steady displacement time-series. Their use is a matter for further studies.
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